The conditions favouring the infection of cowpea mesophyll protoplasts by Sonchus yellow net virus (SYNV) were determined. When 3 x 106 protoplasts were inoculated with 60 ~tg SYNV in 40~ polyethylene glycol, 3 mM-CaC12 at room temperature, over 90~o of the surviving protoplasts became infected. Infectivity tests showed that the virus could be detected 12 h after inoculation.
INTRODUCTION
Little is known about the biochemistry of the infection processes of plant rhabdoviruses because systems have not been developed for infecting many plant cells synchronously. Some plant rhabdoviruses can be grown in insect cell lines (Peters & Black, 1970; Chiu et al., 1970; Hsu & Black, 1973 a, b, 1974 but for studying the plant cell processes isolated plant protoplasts would seem to be the most suitable experimental system. However, the only report of successful infection to date is that of Riesterer & Adam (1981) who were able to infect up to 8 % of tobacco protoplasts inoculated with potato yellow dwarf virus mixed with poly-L-ornithine.
As rhabdovirus particles possess a membrane, we decided to inoculate protoplasts in the presence of polyethylene glycol (PEG) because of the capacity of this compound to enhance membrane fusion (Kao & Michayluk, 1974) . In this paper we describe the PEG-mediated infection of cowpea protoplasts with Sonchus yellow net virus (SYNV).
METHODS
Virus purffwation und storage. SY N V, obtained from Dr D. Peters of this laboratory, was propagated in either a Nk~otiana hybrid ( N. ch'relandii x N. ghainosa: Christie, 1969) or N. glutinosa. Virus purification was by a method developed by Dr D. Peters (personal communication) . Leaves showing characteristic symptoms 8 to 12 days after inoculation were used for virus purification. Leaf tissue (100 g) was ground for about 10 s in 300 ml buffer (0.01 M Tris HC1 pH 8.0, 0.01 M-NazSO3) in a Waring Blender. The homogenate was then filtered through cheesecloth and the extract was centrifuged at 6000 g for 15 min. The supernatant fluid was then mixed with 50 g celite (Hyflo supercel: Serva, Heidelberg, F.R.G.) and the resultant slurry was filtered in a Bfichner funnel through a cushion of 20 g celite and washed with the buffer until the filtrate was clear. The filtrate was then centrifuged at 12500g for 75 min. The pellet was resuspended in 4 ml 0.01 ra-Tris-HCl pH 7.4 and the suspension layered on a 5 to 30?/0 gradient of sucrose in the same buffer and centrifuged at 27000 r.p.m for 25 min, using a SW28 rotor in a Beckman L5-65 centrifuge. The band of the virions, which had sedimented at approximately 2/3 of the length of the tube, was removed and diluted with 2 vol. buffer. The virus was then pelleted at 15000g for 75 rain and resuspended in 2 ml buffer.
The virus concentration was estimated to have the same value as the protein concentration which was determined according to Lowry et al. (1951L The virus was stored under liquid nitrogen after DMSO had been added as a cryoprotectant in five equal amounts at 2 min intervals to a final concentration of 10°o.
Nucleoprotein particles of SYNV were prepared by incubating freshly prepared virus in 3 vol. 40°~; polyethylene glycol (PEG, mol. wt. about 6000) for 30 min on ice. After sixfold dilution with 0.01 M-Tris HCI Preparation olprotoplasts. Plants were grown and mesophyll protoplasts were isolated essentially as described by H ibi et al. (1975) with the following modifications. Seeds of Vigna unguiculata (L.) Walp. "California Blackeye', were germinated in moistened vermiculite at 20 °C in the dark. After 3 days, the seedlings were placed in pots in Hoagland solution and illuminated for 14 h at 12 500 lx, supplied by eight fluorescent tubes (Philips, TLD 38W/83) and two incandescent tubes of 120 W (Philips, Philinea) at 28 ± 1 °C and kept in the dark for 10 h at 22 ± 1 °C each day. The relative humidity generally exceeded 70~o. The lower epidermis was peeled from primary leaves of 8-to 10-day-old plants, and leaf halves were floated in pairs on 10 ml 0.5% Cellulase Onozuka R-10 (Yakult Pharmaceutical Industry Co., Japan) and 0-05°0 Macerozyme R-10 (Yakult Pharmaceutical Industry Co.) in 0.5 M-mannitol (BDH) pH 5.6. After 3-5 h at 27 °C, the dishes were shaken to loosen the protoplasts and the mixture was filtered through a 150 mesh stainless steel filter. Protoplasts were collected by centrifugation at 60g for 5 rain, washed twice with 0.5 M-mannitol and counted in a haemocytometer. Preparations in which fewer than 80°~ of the protoplasts were morphologically intact were discarded.
Inoculation o[protoplasts. Unless stated otherwise, inoculation was done essentially as described by Dawson et al. (1978) and modified by Maule et al. (1980) , further referred to as the standard inoculation procedure.
Protoplasts (3 × 106) were spun down and the pellet was resuspended in 100 ~tl of virussuspension (15 txl SYNV at 4 mg/ml in 0.01 M-Tri~HC1 pH 7.4, containing 10~o DMSO, and 85 tat 0-59 M-mannitol) kept on ice for 5 to 15 min, mixed with 1 m140~.~ PEG (tool. wt. about 6000, carbowax, fa Heybroek, Amsterdam, The Netherlands) containing 3 mM-CaCI_, for about 10 s and then diluted with 9 ml 0.5 M-mannitol, containing 0.1 mM-CaC1 z. After 15 min, protoplasts were centrifuged at 50g, washed once with 0.6 M-mannitol and twice with 0.5 M-mannitol; each solution contained 0-1 mM-CaCI_,. Inoculation was usually at room temperature. Mock inocula contained SYNV that had been inactivated by being heated for 15 min at 60 °C.
Incubation o] inoculated protoplasts. After the third washing, the protoplasts (usually between 1 × 106 and 1.5 x 10 ~) were resuspended in 1.5 ml of the incubation medium used by Aoki & Takebe (1969) , except that the concentration of mannitol was 0.5M, and 6-benzyladenine and antibiotics were omitted. The protoplasts were kept at 25 °C in continuous light at about 2500 Ix. Approximately 18 h after inoculation 5 ~tg/ml chlortetracycline or 10 rtg/ml gentamicin were added.
ln[ecticity assays. Protoplasts were centrifuged and 100 ~1 0.01 M-Tris-HC1 pH 7.4 was added to protoplast pellets containing about 3 × 105 living protoplasts. Samples were stored under liquid nitrogen, thawed and triturated in a roughened watch-glass and assayed on two carborundum-dusted Chenopodium amaranticolor plants (5 to 6 weeks old, three leaves/plant). Lesions were counted 12 days after inoculation. Alternatively, protoplast pellets of about 2 x 105 living protoplasts were mixed with 200 ~tl buffer and inoculated to two Nieotiana hybrid plants (4 weeks old), Three weeks after inoculation, plants were assessed on the appearance of the characteristic symptoms of SYNV.
Electron microscopy. Protoplasts were fixed, embedded, sectioned and stained as described by Rezelman et al. (1982) , except that the prefixation was in 2% glutaratdehyde, 0-1 M-sodium phosphate, pH 7, in 0-5 M-mannitol for 1 h at 4 °C, and that acetone was omitted from the dehydration procedure. All steps after prefixation were at room temperature.
Fluorescent antibody staining ofprotoplasts. Ethanol-fixed protoplasts were covered with a drop of a 1/500 dilution of SYNV antiserum (titre 1/64) and kept for I h at 37 °C. Protoptasts were then washed andcovered with a drop of a 1/40 dilution of fluorescein isothiocyanate (FITC)-conjugated horse anti-rabbit serum (Central Laboratory of The Netherlands Red Cross Blood Transfusion Service) for 1 h at 37 °C. After washing, the protoplasts were mounted in glycerol (9:1 with phosphate-buffered saline containing 10 ttg/ml p-phenylenediamine dihydrochloride as a fluorescence enhancing agent) and the proportion of about 200 protoplasts that were fluorescent was counted by fluorescence microscopy. The values for the infection level shown in the figures except in Fig. 4 are the averages of two or more experiments which differed from each other by less than 10%. The trends found in individual experiments were reproducible.
RESULTS AND DISCUSSION

The infection
Local lesion assay on C. amaranticolor failed to give reproducible results, although virus multiplication could be demonstrated. Samples taken immediately after inoculation did not induce lesions in C. amaranticolor. The first infectivity was detected 12 h after inoculation; infectivity increased until about 30 h, decreased after 36 h and remained constant at a low level at least until 65 h after inoculation. In one experiment protoplast extracts induced 57 lesions/leaf Injection of protoplasts with S YNV Electron microscopic examination of ultrathin sections of infected protoplasts provided direct evidence for the formation of SYNV particles. Fig. 1 shows numerous mature SYNV particles in the perinuclear space and the cytoplasm of protoplasts 67 h post-inoculation.
The proportion of protoplasts infected was determined by staining samples with fluorescent antibody. In infected protoplasts the whole protoplast except the chloroplasts appeared brightly fluorescent (Fig. 2) . This type of fluorescence was clearly distinguishable from that of protoplasts sampled immediately after inoculation, which appeared as numerous small fluorescing spots on the outside of the protoplasts, presumably due to adsorbed virus. Inoculation according to the standard procedure resulted in 97~o of the protoplasts showing fluorescence 56 h post-inoculation, whereas controls with mock-inoculated protoplasts showed no specific fluorescence at that time.
Factors affecting injection
The effects of various factors on the infection of cowpea protoplasts with SYNV were studied by determining the proportion of living protoplasts that stained with FITC-conjugated antiserum 56 to 66 h post-inoculation, Fig. 3 (a) shows that infection of cowpea protoplasts depended on the presence of PEG in the inoculum. The effect of Ca -'+ on the infection was studied using 20~ PEG, because at this concentration the effect of Ca 2+ was most obvious (Fig. 3a) . Infection was most stimulated at 6 m~t-CaClz (Fig. 3 b) . However, we used 3 mM-CaC12 in the standard inoculation procedure because in some preliminary experiments the use of 6 mM-CaC12 and 40~ PEG gave erratic percentages of infected protoplasts. Fig. 3(b) also shows an inverse relationship between the number of infected protoplasts and the number of undamaged protoplasts.
Effect of PEG and Ca 2+
There were indications that divalent cations are essential for SYNV infection as they are in nearly all membrane fusion processes (Gallaher et al., 1980) . Thus, (i) the infection level was improved by the addition of CaC12 to the inoculum (Fig. 3a, b) , (ii) the proportion of infected protoplasts decreased sharply when inocula contained citrate at around pH 4.75 (Fig. 5) , at which the second deprotonation of citrate takes place (Armstrong, 1983) and the complexing capacity of citrate for divalent cations increases, and (iii) the effect of citrate could be partially reversed by adding excess CaCI2. For example, inocula containing 10 mM-citrate-phosphate pH 7.0 and 3 or 38 mM-CaCI2, or 38 mM-CaCI_, without the buffer infected 10, 43 and 79~ of the inoculated protoplasts respectively. Our opinion that infection is blocked because complexes form between citrate ions and divalent cations is not contrary to the finding that protoplasts were infected by inocula lacking CaC12 (Fig. 3a) , because citrate not only complexes bulk divalent cations, but also divalent cations that are bound to the polar lipid head groups (Papahadjopoulos, 1968; Shah & Schulman, 1967; McLaughlin et al., 1971 ; Poste & Reeve, 1972) and would therefore affect protoplast membranes.
Effect ~[S YNV concentration and particle integrity on in lecrit'ity
Inoculation of protoplasts with freshly prepared SYNV in buffer instead of SYNV stored in buffer containing 10~/o DMSO (standard inoculation), did not result in more protoplasts being infected. The results obtained by inoculating protoplasts with various concentrations of SYNV are shown in Fig. 4 . However, when protoplasts were inoculated with a suspension of nucleoprotein particles that was as infective as 20 ~tg intact virus in a local lesion assay, 10%o of the protoplasts were infected, whereas 60°.~, of the protoplasts were infected by inocula containing 20 ~ag intact virus. This result was confirmed by the finding that when intact virus was incubated with 40~ PEG for 20 min, a treatment leading to the formation of nucleoprotein particles, and then used as an inoculum, the proportion of protoplasts int'ected was 19~ compared with 88°o with virus not pretreated with PEG.
Effect o/ buffer composition and pH
We studied the effect of adding buffer, in addition to the buffer in the virus preparations, to inocula containing 30% PEG. Inoculation without added buffer infected 80°0 of the protoplasts, a value higher than the best result obtained upon inoculation with added buffer (phosphate buffer pH 7.5, Fig. 5 ). Infection with citrate phosphate buffer at pH values between 6-5 and 8 yielded strikingly low infection levels as compared to the phosphate-buffered infection at the same pH values, the significance of which is discussed above. . Effect of the buffer type and pH in inocula on the percentage of protoplasts infected, Protoplasts (3 x 10 °) were inoculated with 60 tag SYNV, using 300-/0 PEG and 3 mM-CaClz buffered with 10 mMcitrate-KOH (C)), 10 mM-citrate-10 raM-potassium phosphate (A), 6 mM-potassium phosphate (D), 10 mM-Tris HC1 (0) and l0 mM-glycine-KOH (A). 
Effect of temperature during inoculation
To assess the effect of the temperature during inoculation, we kept protoplast-inoculum mixtures (containing 30~ PEG) at various temperatures until the 10-fold dilution with mannitol at 20 °C. Fig. 6 shows that both the proportion of protoplasts infected and the proportion of protoplasts surviving the inoculation were greatest at 20 °C.
Effect o['incubation time
In preliminary experiments, using 40~o PEG, we tested the effect of keeping inoculation mixtures for different times before the 10-fold dilution step. There was no significant difference in infection between 10 s and 5 rain infection steps, but protoplasts were much damaged by incubation for 5 rain. Using a less harmful PEG concentration of 30 ~o, it was confirmed that the duration of incubation does not significantly affect the infection level. Incubation of protoplasts in the inoculum mixture for 0.25, 0.75, 1, 2, 5, 10 or 20 min resulted in percentage infections of 81, 89, 84, 85, 90, 86 and 88, respectively. We tried also to assess the effect of varying the incubation time after the 10-fold dilution step. As the time we need to spin down protoplasts (3 min) is the shortest feasible incubation time, we tried to reduce the effective incubation time by diluting the inoculum to such an extent that the concentrations of both virus and PEG would be close to zero. To this end, 250 volumes of 0.5 Mmannitol were added to the inoculum immediately after the 10-fold dilution step. Inoculation using 30~ PEG resulted, after mimicked incubation of 10 s, in 81 ~ infected protoplasts, a value very similar to that obtained after 20 min incubation (84%). These results suggest that infection is caused by virus particles taken up from inocula within 10 to 15 s of mixing protoplasts and the inocula.
Outlook
We have described a simple system in which cowpea protoplasts are infected at a high level and sustain virus multiplication when inoculated with 60 ~tg SYNV at room temperature in the presence of 40~o PEG and 3 mM-CaC12, and in the absence of chelating compounds. The reproducibility of the system is assured by (i) the availability of suitable protoplast preparations at any time of the year, (ii) long-term storage of purified SYNV preparations in liquid nitrogen in the presence of a cryoprotectant, and (iii) reliability of the inoculation with PEG. This system, providing the advantages of infection of protoplasts over plant tissues, should facilitate the study of the replication of SYNV and thereby perhaps reveal to what extent plant and animal rhabdoviruses are similar.
